This paper discusses the impact resistance of glass-fibre reinforced polymer (GFRP) composites depending on the type of reinforcement -plain or twill weave. The values of impact energy were: 3J, 10J and 15J. Specimens featuring twill weave transferred higher force during the impact as compared with plain weave specimens. It was observed that an increase of impact energy was accompanied by an increase of the disproportion in transferred forces, in favour of twill weave specimens. Impact damage (in both types of weave) occurring as a result of 3J impact was undetectable with active thermography method. The damage area measured by means of active thermography for impact energy values equal to 10J and 15J proved that the type of reinforcement significantly influences the impact resistance of a composite.This has been justified by smaller damage areas with high spot intensity of damage in plain weave specimens and highly dispersed damage with lower intensity in twill weave specimens.
INTRODUCTION
Fibre reinforced polymer (FRP) composites more and more often replace materials which are currently used in aviation [1] , automotive industry [2] and ship-building [3, 4] . This fact originates from the possibility of obtaining composite products whose strength properties approximate those of metal products. At the same time, in comparison with classic construction materials, there occurs relative ease of shaping the geometry of a ready product accompanied by the decrease of its mass. Strength and mechanical properties of composite elements are determined by the type of polymer matrix and reinforcement used. Epoxy resin is the most commonly utilized material for matrices due to its favourable properties such as fatigue resistance, impact resistance, tensile and shear strength, high resistance to environmental factors and low shrinkage during polymerisation.Additionally, matrix determines thermal and chemical properties of a composite. Composite matrix has two main functions: bonding the reinforcement and transferring the loads to fibres. Matrix adhesion to fibre depends, to a large extent, on the compatibility of fibres sizing to the applied matrix and it has a significant influence on fibre/matrix interface [5, 6] . Composite reinforcement can have a form of roving or chopped strand mat, unidirectional (UD) fibres or multi-axial fabrics,it can Full Article also be woven fabric.Multi-axial fabrics are created by combining the UD fibres into cross-plystitched layers with various orientation, for example +45/-45° or +45°/0°/-45°. They are mostly created in order to obtain a composite with resistance to various types of loads [7] .Versatility of composites of UD fabrics translates into the increased vulnerability to fracture toughness and inter-laminar delamination at low-energy impact in relation to woven fabrics [8] .
Composites made with woven fabrics produced by means of textile weaving differ from one another by tensile modulus, tensile strength, flexural strength, flexural modulus and interlaminar shear strength, as well as the smoothness of fabric [9, 10] .Plain or twillweave fabrics are most commonly used in industrial condition [11] .Plain weave fabric, i.e. cloth fabric, is produced when weft fibre strands are interwoven between warp fibre stands. Such a weaving method makes fabric durable, however, at the same time, it decreases its flexibility [12] . A great advantage of plain weave fabric lies in its symmetry, while its disadvantage consists in worse strength properties in relation to twill weave fabric. Twillweave occurs when two strands of weft fibre are interwoven with at least one strand of warp fibre, the most common pattern involves interweaving two strands of weft fibre with two strands of warp fibre.Such a pattern is often defined as 2x2. Twill weave fabric
is more flexible and less prone to fibre crimp than plain weave fabric [12, 13] .However, regardless of the type of materials applied for matrix and type of glass-fibre reinforcement, laminates have a significant disadvantage which is their low resistance to dynamic loads [14] .During an impact, the strains are at an angle of 45° to the applied load and they have a characteristic, conical shape. Upper layers of a composite are subjected to compressive stresses while its lower layers are subjected to tensile stresses. Excessive tensile and shearing stresses during bending of the lower layers of composites cause the occurrence of damage in a material. The damage can take form of cracks in matrix, debonding, delamination and cracking of fibres. Loss of cohesion between the matrix and reinforcement and cracking of fibres cause in the first place a local decrease of strength which, in consequence, can cause complete destruction of a composite [15] .The influence of the geometry of reinforcement in the form of unidirectional prepreg (UD) 2D plain woven (2D-P) and 3D orthogonal fabrics (3D-S) to the impact resistance (35J) was examined byD. Zhang et al. [16] .The authors proved that maximum loads varied depending on the applied reinforcement type, where highest loads were transferred by composites: 3D-S > 2D-P > UD respectively. Similar studies were carried out by J.N. Baucom et al. [17] who studied the effect of multiple impacts (44 J) on GFRP with 3D orthogonally woven and traditional 2D plain-woven fibres.They proved that 2D laminates required 14 to 23 strikes to perforate, while the 3D monoliths required 23 to 39 strikes. In their case the maximuminitial peak forcesduring multiple impacts ranged from 14 to 16 kN for 2D plain-woven, while for the 3D monoliths they ranged from 12 to 14 kN. The maximum peak was approximately 18 kN for all samples.
In order to prevent a complete destruction of construction elements made of composite materials,nondestructive testing (NDT) methods are used to detect impact damage and technological defects. In case of FRP's the following NDT methods are applied: thermography, acoustic emission, computer tomography, computer radiography, ultrasound and penetration testing (PT) [18] [19] [20] . Selection of a given method is conditioned by the type of composite components, type of defects and their location. A computer radiography analysis of impact damage depending on the impact energy and type of composite reinforcement geometry was performed by P. Potluri et al. [21] . Theyconcluded thatdamage resistance, energy required for damaging unit area, is lowest for UD cross-ply laminate. 3D woven laminates exhibit significantly higher damage resistance [21] . Diagnostics of impact damage with computer radiography method can only be applied in laboratory conditions. In industrial conditions, accidental impacts (damage) of large and geometrically complex composite elements force using alternative methods, maintaining qualitatively comparable results. Thermography is one of the most efficient NDT methods applied for diagnosing impact damage both in industrial and laboratory conditions [22, 23] . Thermography is an NDT method taking the advantage of infrared radiation (also known as thermal radiation) being a fragment of a full spectrum of electromagnetic waves whose lengths range from 780 nm to 1mm.There are two variations of thermography: passive and active [24] . Passive thermography utilizes the emission of thermal radiation of objects without using external source of heat. Active thermography, on the other hand, uses thermal energy that is supplied to a tested specimen in order to expose defects and damage. In active thermography, a specimen is thermally stimulated by, for example, a laser beam, piezoelectric transducer or a halogen lamp and the ratio of infrared radiation emitted by the surface of a specimen is being analysed. In NDT of laminates, active thermography is applied in order to examine the size of defects and delaminations or fatigue and impact damage [23, 24] .Examination of impact damage area by using active thermography is based on the difference of thermal conductivity between the areas damaged in the result of an impact and the non-damaged areas. Damaged areas are characterized by lower thermal conductivity than intact areas.This phenomenon is caused by the occurrence of cracks in matrix, delamination, debonding and cracking of fibres which in turn create empty spaces after impact. These spaces are filled with air which has great thermal insulating properties. This causes differences of temperature gradient between these areas, which can be representedon their outer surfaces by various colours attributed to themon the thermogram.
MATERIALS AND METHODS
Two types of glass reinforcement were used in two flat plates of laminate, measuring 50 cm x 25 cm fabricated using hand lay-up method. First type of the applied reinforcement was plain weave fabric (Fig.  1a) , while second type or reinforcement has a form of twill weave fabric (Fig. 1b) .Grammage of both weave types was the same and amounted to 280g/ m 2 . Both laminates had seven layers of reinforcement and epoxy resin EPOLAM 2002 produced by
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Axson Technologies was used as a matrix in both cases.Resin was mixed with hardener in weight ratio 100 : 12, following the product data sheet. In compliance with the producer's guidelines both plates were cured for 24 hours in ambient temperature.Ten specimens measuring 100 x 100 mm were cut out from both laminate plates using table disc saw with water-cooled diamond cutting disc. Specimens prepared in such a way were placed in thermal chamber for post-curing, as per the guidelines of resin producer. Post-curing temperature was 60 °C and duration was 15 hours.
In order to investigate the interface boundary between matrix and fibresand the possibility of technological defects in both composite materials crosssectionswere made.The cross-sections of specimens were grinded with abrasive paper, gradation 220#, 500#, 800#, 1200#, 2000#, 2400#, 4000#.The surface of cross-sections was examined at 30x, 200x and 1500x magnifications with JEOL JSM-7800F scanning electron microscope (SEM) with a LED detector, at 1kV acceleration voltage. Table 1 .
Experimentsetup used for active thermography ( Fig.  2 ) consisted of a tripod onwhich infrared camera (IR) FLIR A325 with 320x240px detector resolution with a temperature resolution of 0.05°C was mounted. IR camera was connected to a computer with ThermaCam Researcher Professional 2.10 software for registering the image during the heating of a specimen. Radiometric video were registered at constant frequency of 60 Hz (frames per second). Temperature scale was set in the range of 26-27°C. Specimens were heated with four Peltier cells, placed below them and arranged in a square. The dimension of each Peltier cell was 40 x 40 mm, they were connected to a power source which heated them to 100°C. During the,examination the specimens were located exactly 2.2 mm above the heating elements. Single, representative frame (thermograph) was se- Experimentsetup used for active thermography (Fig. 2) consisted of a tripod onwhich infrared camera (IR) FLIR A325 with 320x240px detector resolution with a temperature resolution of 0.05°C was mounted. IR camera was connected to a computer with ThermaCam Researcher Professional 2.10 software for registering the image during the heating of a specimen. Radiometric video were registered lected from each video sequence for each specimen.
The frame was selected applying the criteria of the largest damage area (dark area in a thermograph) with simultaneous condition of uniform heating of non-damaged parts (bright area around the damage area). Next, the selected frame was subjected to image thresholding in order to obtain a clear damage area. The threshold was set to the value of 210 in the grey-scale.The number of black pixels (exceeding thresholding value) in the obtained image was tallied with the aid of histogram. Black pixels were the same as complete damage area. Each damage area determined with pixels was converted into mm 2 .
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RESULTS

Microscopy
Cross-sections of both composites were observedusing a SEMwith different magnifications. Microphotographs captured at the magnification of 30x showed the differences in the layout of reinforcement resulting from the applied weave - Fig. 3a presents plain weave, while Fig. 3b presents twill weave. In both composites it was possible to observe typical defects of hand lay-up method such as small and isolated bubbles of air and small voids between fibres which were not penetrated by the resin.At 1500x magnification (both weaves), good embeddedinterface boundary between fibre and matrix was observed. 
Impact tests
The force-time graph (Fig. 4) shows the curves for two weavesimpacted with three different values of energy. The curves in the graph were selected for one sample for each weave and each energy. The force-time graph provides information about the maximum force transmitted by the sample during the 
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Force-time graph showing the curves for plain and twill weave composites impacted with three different values of energy
Active Thermography Tests 3J impact energy
Multiple tests for each of the specimens (twill and plain weave) indicated that it is not possible to determine the damage area with the applied method. This was caused by too small damage occurred in the result of a dynamic load equal to 3J. The differences in the heat flow between damaged and nondamaged area were too low. This indicated that the whole specimen heated uniformly regardless of the used type of weave. In isolated cases it was possible to see animpact damage area, but the result was unreliable. In case of the result analysis method mentioned above, the selected frame for plain ( 
10J impact energy
The shape of damage in specimens where plain weave was applied was elongated and flattened (Fig.  6a) . Images after thresholding successfully renderthe shape of damage area obtained in thermograph frames. Mean damage area for the whole series of plain weave specimens converted into square 2 This was caused by too small damage occurred in the result of a dynamic load equal to 3J. The differences in the heat flow between damaged and nondamaged area were too low. This indicated that the whole specimen heated uniformly regardless of the used type of weave. In isolated cases it was possible to see animpact damage area, but the result was unreliable. In case of the result analysis method mentioned above, the selected frame for plain (Fig.  5a ) and twill (Fig. 5 b) weave would not yield real results.
The shape of damage in specimens where plain weave was applied was elongated and flattened (Fig. 6a) . Images after thresholding successfully renderthe shape of damage area obtained in thermograph frames. Mean damage area for the whole series of plain weave specimens converted into square millimetres was138.17 mm 2 .
Specimens of a composite with twill weave were distinguished with clearly larger damage area ( 
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Damage areas in twill weave specimens (Fig. 7b) were the largest among all the obtained results. Their vast character was visible. In comparison with specimens of lower impact energy, darker colour of the damage area was visible which indicates that the extent of material damage was larger. Mean value of damage area after 15J impact for twill weave was 448.31 mm 2 . It was impossible to distinguish specimens which clearly deviated from the mean value in a series of three specimens. (Fig. 3) confirm that both composites, regardless of the applied type of reinforcement weave were compatible with the matrix and had slight technological defects resulting from the production method. On this basis it is possible to ascertain that the differences in impact resistance of both composites depend, to a large extent, on the type of weave applied. The analysis of the results of impact tests indicated that there were differences in transferred loads (average) at the same impact energies (Fig. 8a) depending on the applied type of reinforcement weave.The applied impact energy levels were smaller than those reported in literature [16, 17] because cited research aimed atsample perforation, b) 
DISCUSSIONS SEM microphotographs
15J impact energy
Thermographic examination of plain weave specimens indicated an increase of the damage area as compared with series of 10J impact energy. The area of the largest level of damage (black colour in Fig. 7a ) covers the majority of the whole damage area registered. Registered damage correspond with the damage observed with the naked eye.Images obtained after thresholding indicate similar shapes and damage area for the whole series. Mean value of the damage area was 225.13 mm 2 .
Damage areas in twill weave specimens (Fig. 7b) were the largest among all the obtained results. Their vast character was visible. In comparison with specimens of lower impact energy, darker colour of the damage area was visible which indicates that the extent of material damage was larger. Mean value of damage area after 15J impact for twill weave was 448.31 mm 2 . It was impossible to distinguish specimens which clearly deviated from the mean value in a series of three specimens. a) while thepurpose of this investigation was to verifythe impact resistance within the range of barely visible impact damage (BVID). For 3J impact energy twill weave specimens (1957N) transferred a force larger by 3.5% on average, in relation to plain weave specimens (1890N). There was a noticeable tendency that an increase of impact energy was accompanied by an increase in the disproportion of transferred force. For 10J impact energy twill weave specimens (4369N) transferred a force larger by 9.5% on average, in relation to plain weave specimens (3997N). For 15J impact energy the differences in transferred forces were larger by 14% on average, in favour of twill weave specimens (5607 N) as compared with plain weave specimens (4917N).
In specimens (both types of weave) impacted with 3J energy, thermographic examination did not yield reliable results due to excessively small damage. This translates directly into the lack of possibility of creating an image after thresholding and the lack of final result.For impact energy equal to 10J the average damage area in plain weave was 138.17 mm 2 , while the value for twill weave specimens was 198.63 mm 
4.DISCUSSIONS
SEM microphotographs (Fig. 3) confirm that both composites, regardless of the applied type of reinforcement weave were compatible with the matrix and had slight technological defects resulting from the production method.On this basis it is possible to ascertain that the differences in impact resistance of both composites depend, to a large extent, on the type of weave applied. The analysis of the results of impact tests indicated that there were differences in transferred loads (average) at the same impact energies (Fig. 8a) depending on the applied type of reinforcement weave.The applied impact energy levels were smaller than those reported in literature [16, 17] because cited research aimed atsample perforation, while thepurpose of this investigation was to verifythe impact resistance within the range of barely visible impact damage (BVID). For 3J impact energy twill weave specimens (1957N) transferred a force larger by 3.5% on average, in relation to plain weave specimens (1890N).
There was a noticeable tendency that an increase of impact energy was accompanied by an increase in the disproportion of transferred force. For 10J impact energy twill weave specimens (4369N) transferred a force larger by 9.5% on average, in relation to plain weave specimens (3997N). For 15J impact energy the differences in transferred forces were larger by 14% on average, in favour of twill weave specimens (5607 N) as compared with plain weave specimens (4917N).
In specimens (both types of weave) impacted with 3J energy, thermographic examination did not yield reliable results due to excessively small damage. This translates directly into the lack of possibility of creating an image after thresholding and the lack of final result.For impact energy equal to 10J the average damage area in plain weave was 138.17 mm 2 , while the value for twill weave specimens was 198.63 mm 2 . Damage area for impact with 10J energy in twill weave composite was, on average, 30.5% larger than in plain weave composite. When impact energy was 15J the average damage area was 225.13 mm 2 for plain weave specimens and 448.31 mm 2 for twill weave specimens. Damage area in twill weave specimens was as much as 50% larger in comparison with plain weave specimens when impact energy was 15J. Figure 8b presents a graph showing average values of damage area for both types of applied weaves, depending on the impact energy. The results of impact tests with the measurement of the damage area by means of active thermography indicated that the type of fabric used in the production of a composite can significantly influence the impact resistance of the final product. When comparing the transferred forces and damage areas in both types of weave it was evident that the increase of impact energy translated into significant differences in absorbing the impact energy. In specimens reinforced with plain weave fabric, the energy transferred at the impact of a tup caused a localized damage with high degree of concentration. In plain weave specimens, an increase of impact energy caused spot increase of damage intensity with relatively low increase of the damage area.This is caused by the concentration of tensile and shearing stresses in the lower layers of the composite, resulting from symmetrical weave geometry. In composites reinforced with twill weave fabric, impact energy dispersed in a material. This caused spatially larger damage with much lower degree of spot intensity. Due to such a mechanism of energy absorption these specimens (twill weave) were able to transfer higher forces at the same impact energy values.Thus, it can be concluded that in order to obtain the perforation of plain weave specimens it is necessary to apply lower impact energy than in case of twill weave specimens.Considering the above results, twill weave composites are more favourable from the utilization ratio point of view. 
CONCLUSIONS
This paper discusses the impact resistance of two reinforcement weaves -plain and twill -in glassfibre -epoxy composite. The values of impact energy for both types of weave were 3J, 10J and 15J.The analysis of the results was performed on the basis of force-time graph from impact tester and NDT performed with infrared camera. The following conclusions can be reached from the considerations discussed above:
1. For impact energy equal to 3J the damage was too small to perform an examination with infrared camera. The differences in transferred force were 3.5% in favour of twill weave specimens. 2. Twill weave specimens transferred approximately 9.5% larger forces for 10J impact energy and 14% larger forces for 15J impact energy. 3. An increased force transferred during impact translated into larger damage areas. Damage area in twill weave specimens was 30.5% larger for 10J impact energy and 50% larger for 15J larger than in plain weave composite. When impact energy was 15J the average damage area was 225.13 mm 2 for plain weave specimens and 448.31 mm2for twill weave specimens. Damage area in twill weave specimens was as much as 50% larger in comparison with plain weave specimens when impact energy was 15J. Figure 8b presents a graph showing average values of damage area for both types of applied weaves, depending on the impact energy.
The results of impact tests with the measurement of the damage area by means of active thermography indicated that the type of fabric used in the production of a composite can significantly influence the impact resistance of the final product. When comparing the transferred forces and damage areas in both types of weave it was evident that the increase of impact energy translated into significant differences in absorbing the impact energy. In specimens reinforced with plain weave fabric, the energy transferred at the impact of a tup caused a localized damage with high degree of concentration. In plain weave specimens, an increase of impact energy caused spot increase of damage intensity with relatively low increase of the damage area.This is caused by the concentration of tensile and shearing stresses in the lower layers of the composite, resulting from symmetrical weave geometry. In composites reinforced with twill weave fabric, impact energy dispersed in a material. This caused spatially larger damage with much lower degree of spot intensity. Due to such a mechanism of energy absorption these specimens (twill weave) were able to transfer higher forces at the same impact energy values.Thus, it can be concluded that in order to obtain the perforation of plain weave specimens it is necessary to apply lower impact energy than in case of twill weave specimens.Considering the above results, twill weave composites are more favourable from the utilization ratio point of view.
This paper discusses the impact resistance of two reinforcement weaves -plain and twill -in glass-fibre -epoxy composite. The values of impact energy for both types of weave were 3J, 10J and 15J.The analysis of the results was performed on the basis of force-time graph from impact tester and NDT performed with infrared camera.
The following conclusions can be reached from the considerations discussed above:
1. For impact energy equal to 3J the damage was too small to perform an examination with infrared camera. The differences in transferred force were 3.5% in favour of twill weave specimens. 2. Twill weave specimens transferred approximately 9.5% larger forces for 10J impact energy and 14% larger forces for 15J impact energy.
3. An increased force transferred during impact translated into larger damage areas. Damage area in twill weave specimens was 30.5% larger for 10J impact energy and 50% larger for 15J impact energy as compared with plain weave specimens. Discrepancies in the results were based on a varied mechanism of energy absorption. Plain weave specimens focused the damage locally, while twill weave specimens dispersed the damage onto a larger area and thus transferred larger forces during an impact. 4. Twill weave is more favourable in terms of utilization ratio, because in spite of larger damage area it was evident that there is a tendency to transfer larger forces at the same values of impact energy. This directly translates into potential complete destruction, since twill weave specimens would be perforated at higher impact energies than in case of plain weave specimens.
